In the next quarter-century, global demand for energy is expected to increase more than 25%, while some analysts are predicting that output of petroleum will soon peak. This reality of increasing demand in the face of diminishing fossil supplies is spurring interest in renewable energy sources. An array of biomass-for-bioenergy resources has been proposed, with perennial, lignocellulosic feedstocks showing the greatest potential. Assessment of potential biomass energy resources is difficult, however, as uncertainties over available land and crop yields swing reported estimates from 35 to 1135 EJ/year. In the USA, it has been suggested that more than 1 billion tonnes (910 million Mg) of biomass could be sustainably harvested, but these estimates are dependent on continued gains in plant productivity, nutrient use efficiency and soil and water conservation. Variables of population growth and increased standards of living will also affect the availability of land for these energy-producing endeavours. Several biofuel sources have been identified to include waste streams, microalgae and woody biomass plantations. With herbaceousbased systems, much effort is currently being given to corn and other starch or grain crops that can be readily converted to ethanol. While these crops may serve to jumpstart the biofuel industry, they have much less potential to meet demand and much greater potential for negative environmental impacts. Long-term, high-yielding perennial species will be better suited to meet the requirements for sustainability, but they are currently plagued by limitations in pretreatment and processing technologies. Further upstream of the conversion facility loom the questions of logistics, e.g. how does one handle and move a bulky, distributed resource in a cost-effective manner? In addition, there are important interactions between each component of the supply chain -agronomy, logistics and processing -that are best not studied in isolation. Important social issues also stand to influence farmer decisions regarding market entry which will affect in turn the function and profitability of a biorefining industry. Once at the facility, several possible biomass conversion technologies may be employed, including (but not limited to) pyrolysis to syn-gas and bio-oils or sugar hydrolysis and fermentation to ethanol. Both have drawbacks, and the limitation for cellulosic feedstocks remains an economical method of conversion. It is widely believed that this challenge will be met, but the question of 'when?' remains. Other, larger questions about the development of bioenergy resources reside outside the system, with policy being one of the biggest. For example, bioenergy systems may be more costcompetitive if policy allows them to benefit from the potential ecosystem services they provide, e.g. sequestering carbon. However, such policies may also encourage farmers to convert food crop land to energy crop land, with concomitant ripple effects throughout the economy. These and other policy-related risks increase uncertainty; this uncertainty will limit investments, especially large-scale investments, in such industries. Bioenergy systems may also face social hurdles from those who view them as inimical to the interests of local and global producer http://www.cababstractsplus.org/cabreviews CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 2007 2, No. 064 communities and citizenry. A successful bioenergy system will accommodate all of these concerns and more.
Introduction
The prodigious consumption of fossil fuels in the USA increasingly is perceived as a tremendous liability. Potential political instability of oil-supplying states and unease about global climate change are fuelling these concerns (e.g. see [1] ). Even if one disregards these factors, fossil fuels do not come in an endless supply. With continued growth of global economies, particularly those of developing countries such as China and India, the demands on all finite resources will only increase. Current projections from the US Energy Information Agency suggest a 57% increase in world energy consumption from 2004 to 2030, with much of this increase driven by developing countries [2] . At the same time, some peak oil theorists forecast that maximum output of economically extractable oil is likely to occur within 5-10 years (e.g. [3] ) -if it has not happened already. Whether or not one agrees with predictions of global climate change or a rapid depletion of cheap oil, the law of supply and demand makes it clear that alternative sources of energy, fuels and chemical feedstocks will become indispensable to human society sometime in the future. Moreover, efforts must be made today if the transition from a hydrocarbon-based economy is to be a smooth one.
One alternative source of chemical feedstocks, fuels and energy is plant-produced biomass -whether from feed grains, cellulosic feedstocks or waste streams. While many studies take a positive view of the potential for biomass to contribute to US energy independence and security, there remain critics who question the thermodynamic reward, environmental sustainability and goodness of fit of such systems [4] [5] [6] . However, we take the position that, although plant-based fuel sources cannot fully replace fossil fuels, if appropriately implemented, they can and will be an important component of future fuel and chemical feedstock supplies. This is a point on which -at some level -even the most vocal bioenergy system critics seem to agree (e.g. [6, 7] ). Biomass-based systems have potential to serve the dual purposes of decreasing demand for fossil hydrocarbons and mitigating emissions of (or even sequestering) CO 2 [8] [9] [10] , a key 'greenhouse gas'. In turn, they may also promote economic development in as much as they serve as engines for rural economies [11] [12] [13] .
Among the array of proposed biomass feedstock sources of the future, those derived from lignocellulosic materials currently hold the most interest and potential. If energetically and economically feasible production and delivery systems can be developed, these feedstocks, by their sheer mass, are a much more abundant source of energy and chemicals than waste-and grain-based feedstocks and can have fewer environmental impacts. Further, because lignocellulosic materials may be derived from dedicated, perennial energy crops, their use can minimize the expropriation of starch and oil crops from human and animal food supplies while also requiring fewer energetic inputs.
For all their promise, implementation of fibre-to-fuel and other 'alternative' energy systems is fraught with a host of uncertainties; and each of the components considered in this paper will directly shape the nature of this new industry. While this paper's primary focus is on challenges to a herbaceous biomass-to-bioenergy industry, it will also give some brief consideration to other potential bioenergy sources that might supply the conversion industry (the section 'Biomass production potential and feed stocks'). The crucial, but often littleconsidered issue of logistic constraints will be discussed in the section 'Logistic challenges for bioenergy industry development', and a short discussion of biomass conversion technologies and integration with existing systems will be touched on in the section 'Biomass feedstock pretreatment and process technologies: considerations and constraints'. Consideration of economic, policy and social constraints to bioenergy will be discussed in the last section.
Biomass Production Potential and Feedstocks

A Short Glossary
With the advent of any new field, terminologies -often of dubious coinage or conjoining -arise to define, describe and communicate the field's components and activities. Furthermore, well-established terms are sometimes coopted to take on new meanings, e.g. 'biomass' is now widely used in a restrictive way to describe plant-derived material harvested for energy purposes. While we would not presume to impose our terminology, for the sake of discussion, we will provide working definitions of some terms used here. 'Biofuels' are energy sources derived from 'biomass'. They can be solids, liquids or gases in their end-use form; and their combustion provides energy, or 'bioenergy', for a variety of purposes from electricity to heating to transportation. 'Biofuel' is sometimes -but by no means universally -used to mean only liquid forms, e.g., ethanol or biodiesel, but we feel that is not justified etymologically. 'Fuel' generally implies something from which we derive energy by combustion. Thus, liquid, solid and gaseous forms can be considered biofuels. An 'energy crop', as we shall use the phrase, is any crop that has been grown for the express purpose of harvesting its biomass to produce bioenergy. These 'dedicated' energy-producing enterprises can include plantings of herbaceous and/or woody species; the latter are often called 'energy plantations'. At some points, we shall discuss bioenergy systems that employ biomass derived from wastes and residues; but, technically speaking, they are not 'dedicated' bioenergy systems. Rather, they use the by-products/wastes from other enterprises. Because such opportunistic sources figure so prominently in some bioenergy analyses, e.g. [14] , we cannot ignore them.
The type of fossil fuel 'displaced' by a biofuel is determined by the specific end use. Thus, although electric utilities rely on multiple fuel sources, electric power generation that burns solid biomass would be displacing mostly coal. 'Liquid biofuels', however derived, will serve primarily as substitutes for petroleum fuels used in transportation, e.g. gasoline and diesel; and biogas might displace natural gas for any of its likely uses.
In this review, 'biorefinery' will describe locations for biomass conversion -any facility that, on an industrial scale, can convert/refine biologically derived materials into more immediately useful forms: liquid fuels, biogas, chemicals and monomers -not simply liquid fuels. The biorefineries of most interest here will be those that produce liquid biofuels or petrochemical substitutes; but, by our definition, even an electricity-producing facility is a biorefinery in that it converts forms of relatively low value (biomass) into more immediately useful, high-value electric power. 'Biorefinery' will likely evolve to describe facilities that produce liquid fuels -quite parallel to current usage with petroleum refineries -and that produce various chemical commodities of industrial interest.
Biomass Supplies
An old adage suggests that to know where we are going and how to get there, we must first know where we are. That is certainly the case for the development of biomass-to-energy systems. Knowledge of supplies, feedstocks and infrastructure will all be critical to this endeavour. On the supply side, however, precise estimates of potential sustainable bioenergy production seem somewhere between difficult and impossible to obtain. For example, Berndes et al. [15] reviewed 17 studies and reported that a range of < 100 to >400 EJ/year of biomass energy could be supplied globally in 2050. Uncertainties about available land and crop yields -the two key drivers of production -presented the biggest hurdle to accurate estimation. In another analysis, Hoogwijk et al. [16] reported that a potential global supply of 35 to 1135 EJ/ year could be developed in this timeframe, with the bulk of this from energy crops. Clearly, the bounds of the supply are not well defined, and efforts to find these limits continue in the global context [17, 18] as well as in the USA (e.g. [14, 19] ).
The US Department of Energy (DOE) and the US Department of Agriculture (USDA) released a joint report on the country's potential to sustainably produce biomass supplies sufficient to displace 30% of its present petroleum consumption [14] . The salient feature of the DOE/USDA report was the estimate that the existing land base could both supply that quantity of biomass (910 million Mg -a billion tonnes) and simultaneously meet existing food, feed and export demands. The report stated that this could be achieved by the mid twenty-first century with only modest changes in land use and production practices and that agricultural land would supply the bulk of these biomass resources.
While such positive assessments of future production give buoyancy to a nascent liquid biofuel industry, to achieve such advances assumes continued gains in plant productivity and nutrient use efficiency -along with greater soil and water conservation. Without such progress in efficiency and conservation, these annual cropping systems -already hugely vested in fossil fuel inputs -are unlikely to meet the desired end of displacing significant fossil energy resources and mitigating impacts of fossil fuel consumption. Further, while biotechnological gains may indeed help achieve the desired advances in production and efficiency (e.g. see [20] ), such promises may be far from realization in the field and are not guaranteed. There will also be concerns regarding the law of unintended consequences as it relates to genetically engineered plants. Even if benign, recent experience suggests that transgenic plant materials may face high hurdles before their release.
Whether biofuel systems can both compete and cooperate with existing and future production systems and meet societal needs (e.g. see [6] ) are also huge questions. The host of interactions among the numerous variables that may affect dedicated bioenergy systems create uncertainties about the structure and function of large-scale biomass-to-energy schemes [16] . For example, dynamics of population growth, increased standards of living and more energy-intensive diets, potential changes in food production systems, increases in plant productivity, changes in land use, environmental impacts and social consequences are among the numerous interacting factors affecting the feasibility, function, environmental impact and economic return of bioenergy systems [16, 21] .
Potential competition between land uses -particularly vehicular fuel versus human fuel, i.e. food -is a concern frequently voiced about bioenergy systems (e.g. see [22] ). In terms of plant biomass, more than 30% of global net primary production is already appropriated for human use [23, 24] ; and it has been estimated that this would need to increase by 50% to meet current energy consumption [25] . How such land-use changes might affect food costs has also been modelled in the context of a carbon tax strategy to reduce greenhouse gas emissions [26] . With increased carbon taxes, large increases in food prices have been predicted, as the taxes would support replacement of food crops with energy crops. Several of these sceptics' assumptions might be questioned.
For example:
Will bioenergy systems only be suitably productive on the most fertile soils? Would policy makers allow a rapid doubling of food costs? and Will the US government make carbon tax or capand-trade systems a reality?
Certainly, Johansson and Azar's results give a flavour of the complexities likely to be faced as bioenergy systems are implemented, whether for the purpose of fuels replacement or for greenhouse gas reductions. While all of these issues are important, one might feel a prickly question of relevance arising, given the current scale of the bioenergy industry. In 2004, 6% of the energy consumed in the USA (100 EJ, total) was supplied by renewable sources, with 47% of those supplies generated from biomass [27] . For this accounting, the constituents of biomass included black liquor, wood and wood wastes, municipal wastes, landfill gas, sludges and even old tyres -in addition to corn (Zea mays; maize) ethanol and other agricultural crops and by-products. Clearly, with such a small percentage of the current US energy market, biofuels have a long road ahead if they are to meet substantial portions of energy demand. To that end, a vast array of feedstock sources has been or is being explored in the USA and globally. While the main focus of this paper is an industry based on using dedicated herbaceous energy crops (HEC) as feedstocks, we touch on a few non-herbaceous and non-crop feedstocks in the broader context of potential bioenergy sources of the future.
Growing/emerging Biomass Fuel Sources
Although a smaller player, waste streams increasingly will be an important component of future energy supplies. Processing wastes, oils and animal fats are viewed as a good source of biodiesel [28, 29] , but the quantity produced will be small relative to need. Several waste streams may be used to generate methane. These include fruit and vegetable solids from processing [30, 31] and landfills gas tapped for conversion to electricity or alternative fuels [32] .
The biogas derived from manures may be of particular benefit for concentrated livestock operations [33] , especially when facing environmental constraints. Methane evolved from manures can be captured or converted to electricity, thus reducing one of the more potent greenhouse gases while providing power and value-added by-products such as animal bedding and fertilizer [34] . Economics of these systems will be driven in part by operation scale, and policy and regulatory changes may be needed in order to overcome difficulties in integrating them into the existing energy grid (Kevin Best, CEO, RealEnergy LLC, speaking at the DOE/USDA-supported Advancing Renewable Energy Conference, October 2006, St. Louis, MO). However, biogas systems designed to increase gas energy density by removing CO 2 may be doubly rewarded for their ability both to displace fossil fuels and to sequester carbon.
While waste streams are the primary resources for biogas, this category of biofuels may also be derived from crop and algal resources. Cropping systems for biogas production have received little or no exploration in the USA, but they have received considerable attention in Europe. For example, Amon et al. [35] have reported on methane production from corn as affected by a number of factors such as variety, harvest maturity, and management. Biomass-for-biogas cropping systems may also be integrated with waste streams as with grasses grown in wastewater catchments [36] .
In addition to biogas production, microalgae may also play a role as a source of large-scale biodiesel in the future. However, the technical and economic hurdles were such that US government investment in this research was suspended in 1996 [37] . Despite these setbacks, interest in algae-derived fuels is quite strong given algae's rapid growth rates, high potential oil yield and lack of competition for crop land (see [38] ).
Wood for Bioenergy
Wood currently supplies about 7% of world energy supplies [39] ; and, of existing renewable biomass resources in the USA, forestlands are by far the largest both in terms of standing biomass (18 billion Mg) and in terms of land area (303 million ha; [14] ). Although the USA has about 204 million ha of productive timberland, much of it is unharvestable, because of difficult terrain. A further 20% of this land area (68 million ha) is of low productivity, while 10% (31 million ha) cannot be harvested because it is available only for non-timber uses. Forest resources and wood residues presently supply about 129 million Mg (more than 75%) of biomass consumed by the USA (see [14] ). It is estimated that sustainable annual recovery could be increased to 335 million Mg, more than twice current consumption rates [14] . Globally, it is estimated that wood could supply up to 41.6 EJ/year in sustainable annual harvests [40] although one may question whether that is technically, economically or politically feasible.
In the USA, primary sources of wood generally enter the economy in products other than energy, and secondary wood sources such as processing residues (e.g. shavings, sawdust, and bark) and pulping liquors currently account for 50% of US biomass energy consumed [14] .
http://www.cababstractsplus.org/cabreviews Potential to capture additional energy from such secondary wood sources is limited, however, given that most of these residues are already used for power or sold as mulch. Forest thinnings (stumps, limbs and tops) from trees harvested for lumber and pulp may also provide substantial amounts of biomass, but this will be possible only on a site-specific basis. Removing large proportions of biomass in some locations is a concern due to decreased site productivity and lost wildlife habitat, although this can be minimized by leaving a site-appropriate portion of the biomass residue on location [41] . Another challenge for use of thinnings is that these are distributed resources, and hauling and collection can be difficult in some environments. Similarly, utilization of tertiary wood sources (including construction and demolition waste, woody yard wastes and wood from the waste stream) can supply significant quantities of biomass; but they are more difficult and expensive to recover given their variable volume and quality, commingling or contamination with unacceptable material, and additional 'harvest', hauling and processing requirements. The viability of energy capture from such sources also is dependent on waste disposal costs that can be avoided with energy generation.
Use of primary sources of wood in dedicated trees-forbioenergy systems, i.e. energy plantations, has received much less effort in the USA than in other parts of the world. A recent review of literature [39] reported forest plantations may currently supply 15 to 20% of all fuelwood, but plantations represent only a small portion of North America's timber stand [39] ; and there will be opportunities to increase bioenergy output with both managed forests and plantations. The plantations that have been studied most extensively are planted to willow (Salix spp.) or poplar (Populus spp.) because of those species' rapid growth rates and ease of establishment [42] , but a number of other species are under evaluation in the USA (e.g. see [43] ).
Although agronomic factors and poor policies were cited as important drivers in a retreat from willow in Sweden [44] , a primary consideration for tree-to-fuel plantation systems is that of cost. Volk et al. [45] reported the cost of willow biomass was about twice that of coal, and current pricing structures limit their adoption [45, 46] . Costs are expected to decline with yield improvements and production efficiencies as these systems mature [46] . Direct cost comparisons neglect the values of environmental goods and services. These include stream bank stabilization and reduced stream flow, fossil fuel displacement and carbon sequestration, phytoremediation, wildlife habitat, and increased nature tourism [46] [47] [48] [49] [50] [51] [52] [53] [54] . These are, given current policy, 'external' benefits -they accrue to society as a whole but are not included in most cost comparisons. Future policy change may 'internalize' many of these external costs and lead to more favourable cost comparisons. Coal itself benefits from many implicit and explicit subsidies so the market cost of coal-driven energy is deceptive.
Sustainability is another potential constraint on largescale wood-to-fuel programmes. In the developing world, wood is typically harvested for heat and cooking, and the unmanaged heavy reliance on wood from forest lands has resulted in scarcity and negative environmental consequences associated with deforestation [55] . Plantation production systems are also susceptible to poor management. In the USA, Scott and Dean [56] reported that, on infertile soils, the removal of slash (residues) for biofuels in an intensive harvest system would negatively impact site productivity. Sediment losses have also been measured under short rotation woody crops when trees were established without adequate cover [57, 58] . We assume these scenarios would apply in a global context as well.
The thermodynamics of using wood-for-fuel plantations have also been questioned [4] , although the end use of the wood (e.g. electricity versus ethanol) greatly affects the net energy balance. Others take a more positive view of managed trees-for-fuel production systems. For example, Keoleian and Volk [46] have estimated the net energy ratio for electricity generated relative to fossil fuel consumed with short rotation willow ranges from 10 to 13 when direct fired. Because energy return varies substantially with tree species and site limitations, Mead and Pimentel [59] have recommended using energy analyses to determine appropriate silvicultural practices.
Herbaceous Bioenergy Systems -Biological Considerations/constraints in Sustainable Development and Design
Although forested lands by far make up the greatest potential in terms of land-base inventory, agricultural lands have greater potential to supply biomass feedstocks given their much greater management intensity [14] . A veritable cornucopia of agricultural and horticultural plant species have been or are being considered for biofuel production depending on agro-ecological conditions. Coolseason cereal grains such as wheat (Triticum aestivum) and barley (Hordeum vulgare), primarily explored by European researchers (e.g. [60] [61] [62] ), are garnering increasing interest in the USA as well. Sorghums (Sorghum bicolor) are being evaluated for grain quality (e.g. [63] ) as well as for sugar and biomass production. Among oilseed crops, soybean (Glycine max) for biodiesel has received the most attention in the USA. Canola (Brassica rapa) and sunflower (Helianthus spp.) are also of interest for their oils, and sugar beet (Beta vulgaris) may serve the ethanol market, but investigation of these crops for biofuel purposes has primarily been conducted in Europe (e.g. [64] [65] [66] [67] [68] [69] [70] ).
Despite the number of potential feedstocks investigated -and our list is by no means exhaustive -corn (maize) takes centre stage in the current US bioenergy market, where emphasis is being given to ethanol production. Indeed, ethanol from corn has a 99% market share and 18% annual growth rates over a 5-year period as of 2005 [71] . Impressive as these numbers may seem, even if all the corn (and the soybeans) in the USA could be harnessed for liquid biofuels production, this would only meet about 12% of US energy needs [72] . Moreover, there are a number of attendant problems with annual cropping systems.
The case against grain and other annual crops for long-term biofuel systems While these crops may have some potential for jumpstarting a biofuel industry, we argue that they are not suitable as feedstocks for long-term, sustainable HEC systems. By definition, a sustainable HEC system must produce biomass feedstocks in quantities that provide economic benefit while creating minimal or only positive environmental impacts ad infinitum. Growing corn for fuel ethanol is arguably unsustainable in the long term -at least as it is being practised. With the incentives currently provided to ethanol producers and with the prices currently received by corn growers, ethanol-from-corn systems appear to meet the economic criterion for sustainability from a grower's perspective [72] . However, very serious questions are being raised regarding the long-term environmental consequences of growing tens of millions of hectares of corn for ethanol productionespecially when economic incentives encourage its production on more marginal land. Social costs, which include the cost of the subsidy and costs to the environment, likely exceed private costs. Any comparison of costs for the purpose of evaluating the social desirability of an energy system should include social costs and benefits.
Setting aside the important and not fully resolved issues of whether producing ethanol from corn results in positive fossil fuel offsets and atmospheric carbon mitigation [4, 9, 10, [72] [73] [74] , corn production per se poses significant environmental risks, raising the question of whether its long-term use in bioenergy systems can be justified. Inherent risks of corn production include the potential for high rates of soil erosion and degradation, downstream effects of nutrient runoff, and other unintended consequences of the technology.
Globally, soil is being lost from land areas at rates 10 to 40 times faster than it is being formed [75] . Soil erosion in the US Corn Belt in particular can run well ahead of soil forming processes; and soil degradation can be accentuated if crop residues are also collected for biofuel production [76] [77] [78] [79] . Crop residues (collected at the same time as the grain) constitute almost half of agriculture's contribution to the DOE/USDA billion-tonnes, biomassfor-biofuels scenario [14] . While erosion can be exacerbated by residue removal, soil loss from bioenergy crops will be spurred primarily by the annual cycle of soil cultivation with conventionally tilled crops [80, 81] .
The DOE/USDA billion-tonnes biomass feasibility study [14] suggests that corn and all other annual crops that might be used for their biomass should be planted using no-till methods, but it also acknowledges that adoption of no-till might be slow or incomplete. An even more extensive study done by DOE argues that, in the future, only perennial crops should be considered as feedstocks for biofuels production, partially because of the unsustainable losses of soil that are often implicit in annual cropping systems [82] . An NRCS study [78] noted that a large amount of land in the US Corn Belt is classified as highly erodible, making it unsuitable for corn residue removal (and implicitly corn production) but making it potentially viable instead for perennial energy crop production. The NRCS study concluded by suggesting we should 'ensure that soil quality is not sacrificed in the name of renewable biomass energy' [78] .
Quantities of N (and to a lesser extent P) from a variety of anthropogenic sources -to include Midwest cornfields -flow down the Mississippi River and into the Gulf of Mexico (Figure 1 ) contributing to a seasonal hypoxic 'dead zone' [84] [85] [86] Similar seasonal hypoxic patterns occur in other bodies of water to include the Great Lakes and Chesapeake Bay [86, 87] . The precise, cause-and-effect, timeline relationships are being debated within the biogeochemistry and oceanography communities (e.g. [88] [89] [90] [91] ), but there is general agreement that eutrophication and stratification at the mouth of the Mississippi River cause the development each summer of a hypoxic zone on the Louisiana Shelf that has more than doubled in size (to >20 000 km 2 ) since it was first measured in 1985 [92] . Indirect evidence suggests that these hypoxic events did not occur prior to the early 1900s [85] . Agriculture -particularly agriculture in upper portions of the Mississippi watershed, the US Corn Belt -is frequently listed as a major contributor of the N that sets in motion the chain of events leading to eutrophication and hypoxia [76, 84, 86, 87, 92, 93] . Planting more land, especially more erodible land, to corn -given the high rates of N typically applied -would inevitably increase the amounts of N coming down the Mississippi and in other watersheds as well.
Other potential environmental/resource impacts of corn production for ethanol, whether conventional or no-till, give us pause as well. When corn is grown with irrigation from 'fossil' groundwater, e.g. the Ogalala aquifer with water that has been flowing through soil interstices for thousands of years, the practice is, by definition, not sustainable. Modern methods of pest control -both chemical as well as biotechnological oneshave raised other concerns about the environmental impacts of corn production. For example, atrazine, which is commonly employed in corn production, has appeared in surface and groundwater supplies at levels that pose concerns for human and ecosystem health.
In sum then, we conclude that ethanol-from-corn is, at best, a temporary strategy for reducing our dependence on petroleum. Such is explicitly argued in the DOE's joint research agenda on cellulosic ethanol [82] .
Ethanol-from-corn as a national strategy is not sustainable as currently practised, and it is being employed at considerable environmental cost in the interim. On those grounds, we will not further consider it -or any other annual, conventionally tilled, input-intensive species -as a candidate for a sustainable HEC. This bias -if it is a bias -makes equally unsuitable, i.e. unsustainable, the many conventionally managed crops, such as canola, small grains, sorghum, soybean, sunflower, etc. that we have previously mentioned. An economic case may be made for their use as liquid biofuel feedstocks. Indeed, these crops appear to be serving as 'infant formula' for the nascent US bioenergy system. But summary inspections reveal that such crops do not pass muster in terms of being sustainable in an ecological or environmental sense -not on an infinite timescale, the hallmark of sustainability for a mature system. Therefore, in the sections that follow, we will concentrate largely on matters that relate to the selection, establishment and management of HEC systems employing perennial and otherwise lower-input crops.
If not corn or other annual/row crops, what species should be used as HEC? We argue in this review, as has been argued by others [20, 78, [80] [81] [82] , that perennial species (whether herbaceous or woody) are more likely than annuals to offer the consistent yields, the feedstock qualities, the soil protection/amelioration potential and the lowered inputs that would make their production both economically viable and environmentally benign. (The billion-tonnes-ofbiomass-per-annum scenario offered by DOE/USDA [14] relies on perennials for less than 40% of the biomass tonnage to be gleaned from agriculture; and 'gleaned' is used more than metaphorically.) Indeed, perennial crops might even improve degraded lands by increasing soil organic matter and improving other chemical and physical properties [8, 10, [94] [95] [96] [97] .
So which perennial herbaceous species will be the one to ignite the bioenergy industry? That's a 'trick' question. In fact, it is doubly, or perhaps triply, misleading. First of all, it is highly unlikely that any single species will provide 'the' answer. Different climatic zones will best suit (or will be best suited by) different energy-crop species. Furthermore, the case has been made [98] [99] [100] [101] that productivity may best be maximized by introducing or maintaining diversity -multiple species -in energy cropping systems, i.e. that monocultures should not be the model. (We quibble slightly with the arguments of Tilman et al. [99] [100] [101] about maintaining high outputs/yields with minimal inputs/fertilization in multispecies systems. They, in fact, appear to have left most of the biomass on their plots, annually burning everything except the swaths that were removed for yield calculations. That management does not fully simulate annual removal of the non-volatile nutrients. It should be a simple matter to replace the [83] nutrients that would be removed in a full harvest, but the question may remain of whether the productivity and stability of their decade-long experiment were at least partially a function of an annual burn -something not possible in a system where all biomass is removed.)
The third reason why it would be very difficult to identify today those species that will become the feedstocks for future biorefineries is because they may not yet even be on the drawing board -neither the processing plants nor the plant species. The DOE study on 'barriers to cellulosic ethanol' [82] suggests that the species that will serve as feedstocks in the twenty-first century will likely be highly engineered from existing species -species that may not yet have been identified. There has been much talk of switchgrass as an energy crop [97, 102] , and miscanthus is becoming a household word in bioenergy circles as well [103, 104] . But no HEC species will figure prominently in the new energy industry unless it lends itself readily to the genetic manipulation (by conventional breeding initially perhaps, but increasingly by bioengineering) that will be required to optimize yields and feedstock quality.
Attributes of an ideal HEC or HEC system
Let us address the question of HEC candidates in this way: what are the key criteria for selection (or modification) of a herbaceous species that would cause it to be an optimum candidate as an HEC? Some requirements are implicit for a fuel crop -perennial, high-yielding, readily adopted or adapted by the agricultural community (not requiring overly novel practices/technologies), requiring modest or minimal inputs (both for economic and for environmental/resource reasons), providing a highly desirable feedstock (with a maximum of quality factors and a minimum of antiquality factors), and biologically adapted to the region where its biorefineries are located (biomass cannot be transported substantial distances; it must be locally produced). The following bullet points address some 'must have' and some 'should have' features in a viable HEC.
Must lend itself to bioengineering. Very early in the development of switchgrass as a 'model' HEC species, DOE began funding work to determine how amenable the species might be both to conventional breeding efforts and to biotechnological manipulation [97] . Presumably many key HEC traits (see above and below) do not exist within a single species and thus cannot be brought to the fore with conventional breeding and selection. For those properties (perhaps especially feedstock quality/antiquality parameters), bioengineering must be employable, i.e. the species must be amenable to transgenic manipulations that can subsequently be successfully transmitted via sexual, seedforming processes. It would be highly advantageous, for example, to incorporate from other genomes traits to increase drought or heat tolerance, efficiency of nutrient acquisition and use, and ease of processing [82] . Source stock (seed or propagules) should be readily available and easily planted. This will usually mean propagation by seed -not by vegetative means. It seems problematic that a significant portion of 17 million ha (the minimum acreage proposed for perennial energy crop culture in the billion-tonnes scenario [14] could be planted with sprigs or canes or other vegetative propagules. The problem might not be mechanizing placement of the propagules (e.g. [105] ) but producing the volume of propagules required. Should lend itself to no-till establishment. Conventional tillage ipso facto magnifies erosion. Ideally, HEC plantings will employ no-till methods to minimize soil disturbance and to otherwise take advantage of the benefits of no-till practices. This goal, combined with that of using available technology, again militates against vegetative propagation. Should be readily/quickly established. Crops that might require 3 years or more before they reach full productive potential may not be as suitable as crops that are at peak production by year 2 -even if the latter are somewhat lower yielding. The shorter the expected rotation/cropping cycle, the more important this consideration becomes. Should lend itself to simplified/economical weed control. This would be crucial primarily in the establishment phase. It is assumed that a species vigorous enough to be an energy crop would be able to outcompete most weeds once it is established. One can envision engineering herbicide resistance into a species to facilitate weed control during establishment. Must not be weedy or invasive. Some species that have been suggested as HEC candidates can spread aggressively when introduced into some ecosystems [106] . Theoretically, a 'native species', i.e. a species that is not 'exotic', could not fall under the 'invasive' opprobrium, since, if it occurs naturally within an ecoregion, one would presume that it has, over geologic/evolutionary timeframes, spread as widely within that region as its ecology would allow. Must lend itself to flexible harvest management.
be leached out of the dead biomass and back into the soil. This reduces nutrients removed by the harvested biomass, limiting the need for their replacement; and it potentially removes antiquality factors in the feedstock [107, 108] . Both N translocation and nutrient leaching appear to occur with reed canary grass (Phalaris arundinacea) [109, 110] and miscanthus [104] when managed with delayed harvests as they might be for bioenergy production.
* Energy crops that could be left standing in the field after the season has ended without incurring major losses of biomass or harvestability could provide greater flexibility or efficiency in use of harvest equipment and labour. It would also allow the material to dry to the point that it could be cut and baled (or otherwise densified) in a single pass (as well as perhaps making it of higher quality).
Must be relatively free of major/serious insect pests and diseases. When millions of hectares may be devoted to growing only a few species, the potential for epidemics of disease or insect pests is greatly enhanced. Even without the threat of pandemics, the issue would be to minimize the need for chemical controls, both for economic and for ecological reasons. Switchgrass has been thought of as relatively pest-free, but closer study and/or more frequent culture of the species has recently revealed concerns of yield-reducing nematode infestations [111] and outbreaks of a fungal smut that reduces both biomass and seed yields [112] . One way to reduce the threat of major outbreaks of pests might be to employ multispecies HEC systems (e.g. [99] [100] [101] ). The biodiversity of these more nature-like cropping systems could reduce the incidence of pestilence or provide resilience and compensatory yields from unaffected members of the more diverse plant community. Should provide wildlife habitat and improve agroecosystem biodiversity. So for example, studies with switchgrass plantings have shown that they can increase diversity of bird species if harvests are managed appropriately [113] . Should offer opportunity to sequester carbon in the soils beneath the crop, making the system carbonnegative [100] . As noted above, many perennial grass species seem to have this potential. Indeed, the dark, organic-matter-rich soils of the Great Plains are a result of eons of grassland ecology in fire-dominated ecosystems. Should be tolerant of stresses that might be anticipated with global climate change. Crops that would remain productive when grown in warmer and/or drier settings might be preferred. The alternative might be abandoning land used for energy cropping or converting to new HEC species -with all the attendant start-up issues. Considerations of the effects of global climate change on the bioenergy industry have been undertaken in Europe (e.g. [114] ).
In summation of this section on biological constraints in designing sustainable HEC systems, we echo the arguments of many others who have suggested that systems built around annual species -especially when the residues would also be harvested -should be considered stop-gap at best. Such systems do not represent a long-term, environmentally sustainable solution for reducing our dependence on petroleum and other fossil fuels. The perennial species -either several species that would be deployed as monocultures into diverse ecoregions, or collections of species that would be deployed as consortia to promote biodiversity within particular ecoregionshave yet to be clearly identified. Two species, switchgrass and miscanthus, are perhaps beginning to have their 15 min of fame. (Ethanol-from-corn is in the midst of its 15 min, we hope.) Which few (or several) species will eventually emerge to provide the tremendous volume of biomass needed to drive a biofuels industry remains to be seen. Those pioneering HEC species, whichever they turn out to be, will quite likely become very highly domesticated (or mongrelized) as they are engineered to provide the quantities and qualities of herbaceous biomass that will be needed to displace any significant amount of fossil fuel use.
Logistic Challenges for Bioenergy Industry Development
Most considerations about engineering issues for bioenergy systems dwell on the process end. While we will touch on issues within a bioreactor in the section 'Biomass feedstock pretreatment and process technologies: considerations and constraints', there is an equally important and often ill-considered set of engineering issues on the road to the conversion facility, or biorefinery. Logistic constraints attendant to harvesting, handling, storing, and transporting low-density feedstocks are not trivial and must be addressed if we are to create practical, commercially viable systems that can turn lowdensity feedstocks into biofuels. To create an economy of a size sufficient to support a cellulosic fuels industry at commercial scale will require efficient, mechanized systems for moving feedstock from the field to the refinery. Indeed, without such systems, the cost of low-density feedstocks at the factory gate could be double the price at the farmgate.
Before discussing logistic issues, it is appropriate to review the sources of costs for feedstock delivered to a biorefinery (again, reminding the reader that we use the term biorefinery generically). We further note that all the engineering issues associated with the logistics of moving biomass to a biorefinery are the same no matter whether the feedstock is used to produce chemicals, liquid fuels or pellets or burned directly to generate electricity. These costs can be broken into three main categories (Figure 2 ).
Costs at the farmgate include all production inputs (land preparation, seeding, fertilizer application and pesticide application) plus the harvest operations (mowerconditioning, raking, baling, in-field hauling and storage) associated with the agricultural operations. The load/haul and the receiving facility categories include all costs from the farmgate to the entry of a stream of materials into the biorefinery. All three cost categories are linked and have important interactions; thus we are not suggesting that they can be separated other than for discussion purposes.
The vertical line in Figure 2 delineates a division between 'agricultural' operations and 'industrial' operations. The delineation is located at the 'SSL' defined as a satellite storage location [115] . For purposes of discussion, it is appropriate to think of this as a storage site within 3.5 km of the production field. Greater distances increase the cycle time of the in-field hauling equipment, thus reducing its capacity in Mg hauled per h. Conversely, smaller distances decrease the amount of biomass that can be accumulated at a given SSL, which disadvantages the hauling contractor and increases their hauling costs.
Feedstock Resources, Harvest Technologies and Downstream Effects
Feedstock resources and management will have important implications for all subsequent logistic operations. While much has been made of the potential availability of harvest residues such as corn stover as a supply of feedstock [14] , it is not clear the degree to which logistic requirements of these systems were considered in the assessment. Biomass resources such as corn stover -and other harvest residues that can only be collected within a narrow window in time -will be constrained by weather conditions at harvest. While this window may be widened with the development of 'one pass' harvest technologies [116] , these time frames are still compressed relative to other feedstock systems and will necessitate greater storage capacity at the SSL.
In contrast, dedicated energy crops may have potential for harvest more than once per year, in turn reducing required storage capacity. However, there will be tradeoffs within other links of the delivery chain. For example, if a feedstock such as switchgrass is harvested both in summer and winter, the summer harvest must necessarily be dried in the field -subjecting it to the vagaries of weather -or it must be hauled wet, increasing transport costs. Typically, wet materials will be delivered directly to the utilization point. The best example of this is found in the sugar-cane industry, which utilizes bagasse -the process residues after soluble sugars are extracted from the cane. Bagasse can be burned to produce electricity and process steam for the mill, and the sugar industry has developed wet-pile storage methods to preserve this material for use after the harvest season. This technology may also be applicable to corn stover or other high moisture feedstocks such as wood chips [116] [117] [118] .
The key difference between a processing residue, like bagasse, and a harvest residue such as corn stover is the transport cost. Bagasse is essentially a captured resource, in that it has already been collected and delivered to a central point; whereas materials such as corn stover must be hauled in from surrounding fields. Hauling a 20 Mg load of 40% moisture content means that the truck is hauling 8 Mg water. The cost to operate the truck is the same as for a 20 Mg load of hay at 15% moisture content, but the truck is hauling only 4 Mg of water. While alternative transport systems such as rail or pipelines for wet harvest residues have been envisioned [116] [117] [118] , new infrastructure will be needed to bring these to reality. Another consideration even further downstream is that wet handling systems cannot be readily joined to process systems based on feedstock combustion technologies unless the transport liquid is oil-based [117] .
Along with feedstock sources, the harvest method (and its impact on the system) bears some consideration. Harvest costs are well defined by mature technologies, both for perennial grass crops [119, 120] as well as for crop residues [121] [122] [123] and grain crops. In grain production systems, current research is being devoted to modifying harvest systems that can both capture and separately collect the grain and crop residues (chaff and straw or stover).
Early work on 'single-pass' harvest of corn was performed by Peart [124] , and more recent efforts have been reported by Quick [125] and Shinners et al. [126, 127] among others. Such systems also are of interest for small grain crops (e.g. [128] ). While single-pass harvest systems have promise, they also offer several issues to address. Harvesting time is typically greater than occurs when only the grain crop is collected, and component recovery can be variable [127] . In addition, in-field hauling may be problematic, because it can increase the labour and equipment demands on a producer who may already be challenged to get the grain crop out of the field. Collecting the crop residues in a trailer following the combine is another option (e.g., see [128] ), but the material still must be hauled or dumped for later handling. One potential 
Adapting cotton module technology to dedicated biofuel cropping systems may be one way in which in-field chopping can work [129] . Because the material is already chopped, module-based handling systems may present an advantage at the process facility. However, the greater requirement for labour and for storage (tarps in this case) would be limitations for the chopping/module system, and the economic efficiencies for each of these systems remain to be determined [129] . Also, experiments are needed to determine if modules of chopped grass will hold together as well as modules of seed cotton. Such logistic considerations have the potential to present challenges for agronomists betting the future on the next 'Godzilla grass'. Whatever species is chosen must readily meet logistical constraints, and those that can only be harvested by chopping may face competitive disadvantages.
Among currently available harvesting technologies, baling may have greatest potential, because it provides an interrupt between the harvest and in-field hauling operations. For low-rainfall areas of the country, the big square bale may be acceptable [130, 131] ; but round bales are best for aggregating bioenergy feedstocks in humid regions. The outer layer of a round bale made from coarse grasses acts as a thatch layer, protecting the bale from rain penetration and minimizing losses when stacked in a single layer and held at ambient storage conditions ( J.S. Cundiff, unpublished data). This logistical issue has economic impact: it costs $7-16/dry Mg to store big square bales in a building (Mike Duffy, IA State University, personal communication, March 2007) as compared to $3/dry Mg to store round bales in single-layer ambient storage on a crushed rock surface [120] . Clearly, the round bale has the advantage in the farmgate cost category, but round bale systems must also address issues in the load/haul and receiving facility categories.
Load/haul
Biomass is a distributed resource; it must be collected from the surrounding land base and delivered to a biorefinery. In most of the USA, excepting some sugar mills -which use railroad networks through the sugarcane fields -the required hauling is done with trucks. With over 250 000 trucking companies in the USA, this is a mature industry; and the costs for all types of hauling, short-haul and long haul, are well defined.
Nguyen and Prince [132] suggested that at an optimum crop transport costs for ethanol production systems should fall within 0.4-0.6 as a proportion of total production costs. Both rail and truck systems are mature technologies with costs that are essentially fixed. Thus, any logistics system based on these modes of transport should be evaluated for its potential to reduce shipping costs. If, for example, a truck-loading technology is developed that costs $4/dry Mg but the reduction in trucking costs achieved by reduced loading time is only $3/dry Mg, then the technology is not competitive.
Infrastructure will also be an issue for road-based haul systems. For example, Kumar et al. [133] calculated that a 900 MW power plant using wood chips would require delivery of 4.3 million dry tonnes/year of fuel. Such a facility would need a 36-tonne load of chips delivered every 4 min. As the authors noted, 'it is difficult to imagine a community or a local road system that could accept this traffic density' (p. 48).
Preprocess Technologies to Reduce Shipping Costs
One way to reduce hauling or shipping costs is to densify the material of interest by pelleting or cubing. Both of these technologies significantly increase the bulk density of biomass as compared to hay bales, but they require careful control of moisture content and have a relatively high energy input to make the pellets or cubes. Such operations will be more competitive if they are done in a stationary setting where electric power rather than diesel engine power can be used and if they can operate from one location for as many weeks as possible per year.
Densification technologies may have a role in the supply of a very large biorefinery, one requiring 2000 dry Mg per day or more, which would, most probably, have to be supplied by railcars. Preprocessing plants could be located along rail lines where trucks could deliver bales to the preprocessing plants for size reduction, densification and subsequent loading. The railcars could in turn become a mobile storage for biomass, just as 'grain trains' serve as mobile storage for large grain mills. In addition to optimizing transportation (by limiting truck hauling distance), such a multifacility preprocessing plant system would have the capacitance needed to adjust for times when plants were 'down' for maintenance or other factors.
Pipeline systems may also have potential to reduce shipping costs and congestion -and perhaps increase community acceptance [118, 133] . Such systems may have greater applicability in large-scale ethanol production schemes where preconversion process technologies can be employed [134] . These systems also may be better fit with harvest technologies that chop the material, as bales brought to supply the pipeline would need particle size reduction. However, system-loading issues, e.g. how does the pipeline get filled?, still remain.
Receiving Facility
The receiving facility is defined as all activities at a biorefinery associated with the flow of material into and out of at-plant storage to achieve a continuous flow of feedstock. Biorefineries will operate like chemical plants in that the penalty for shutdown will be high. Chemical processes cannot be stopped and started without significant losses in efficiency and resultant cost penalties. Thus, any logistics system for a biorefinery must provide for an efficient flow of material into and out of at-plant storage.
Most biorefineries being planned today list two constraints for their feedstock supply system (M. Hladic, IOGEN, personal communication, February 2007):
1. Distributed storage: It is not feasible for plants to operate a central storage facility with enough capacity for year-round operation. The cost of moving material into and out of this at-plant storage is prohibitive, plus there is potential for spontaneous combustion in piles of biomass [116] . This constraint is one reason the SSL concept is included in our discussion. The SSL system provides optimum division between agricultural and industrial operations, along with the desired distributed storage. 2. Around-the-clock hauling: Ideally, a biorefinery would have just-in-time delivery of feedstock, meaning that trucks will arrive each hour, 24 h a day, 7 days a week. This goal may or may not be achievable with a practical system. However, any logistics plan that provides for 24-h hauling will have a lower per-Mg hauling cost and will thus have a competitive advantage.
Siting a Refinery: The Role of Hauling Cost and the Influence of Crop Yield
Economies-of-scale dictate that biorefineries must be a certain size to achieve a unit processing cost within the desired range. A plant of known capacity will need a given amount of feedstock delivered each week year-round to operate. Because feedstock transport costs increase as the size of the production area (the area within a given radius of the plant) increases, there are two key issues for siting a biorefinery at a given location:
1. percentage of land area attracted into production and 2. yield per unit land area.
Thus, a community seeking to attract a biorefinery will need to enlist as many landowners as possible within a given radius to make their proposal competitive. To illustrate these two key issues of land attracted into production and yield per land area, consider the costs for a biorefinery that requires 20 Mg of feedstock per h (equivalent to a bale per minute with 0.4 Mg bales of 15% moisture). If this plant were built at a location where only about 18% of the surrounding land area were planted to a dedicated energy crop (e.g., switchgrass averaging yields of 11.4 Mg/ha), it could still have a competitive cost advantage over a biorefinery that has attracted twice the surrounding land area to supply stover or other crop residues (with a typical yield of 4.5 Mg/ha).
If the 'reduced area' plant can be supplied by an annular area with r min =4 km and r max =17 km, the total haul distance for all loads would be 181 175 km. If the r max for the 'increased area' is only 1 km larger (i.e. r max =18 km), the total haul distance for the same size loads would be 190 550 km, or 5% more than for the 'reduced area' plant. (See [135] for a detailed description of the mathematical calculations needed.) Yield per land area is a strong driver in the distance-hauled advantage. Thus, considering transportation costs alone, dedicated energy crops, like high-yielding switchgrass, will always have an advantage over crop residues as a bioenergy feedstock because of the higher yield per unit land area.
Hauling costs will decrease as more land around a biorefinery is dedicated to energy cropping ( Figure 3) . However, while these costs increase with increased plant size for all production area percentages, this response is weaker -the curve is flatter -for the highest percent production area. Large bioenergy plants may have an advantage in lower processing costs per unit of product, but when the higher cost of feedstock is added, the total cost of feedstock and processing may be higher than for a medium-sized plant. The fact that biomass is a distributed resource and must be collected from the surrounding land area is a key issue in defining an optimum plant size [133, 136] . Figure 3 illustrates why investors will seek locations where a majority of the landowners within a given radius will sign a feedstock contract. Ten percent of the landowners across an entire state may be very interested in feedstock production, but unless 40% within a 30-km radius are interested, the proposed location is not attractive. This requirement presents a very interesting socio-economic challenge for a local community. The infrastructural concerns (roads, railroads, utilities) and environmental issues (wastewater treatment, solid waste disposal) will likely be smaller barriers to biorefinery start-up than the feedstock production area issue.
Earlier, we made the point that there are interesting interactions between the cost categories in Figure 2 . For example, increased yields actually reduce average hauling costs (Figure 4 ) because the size of the production area required to supply a given Mg-per-h plant decreases ( [137] ; J.S. Cundiff and R.D. Grisso, unpublished data). Thus, the hauling distances (and average hauling costs) are decreased.
Some Socio-economic Factors Affecting Siting
There are more than simple logistic considerations for siting a biorefinery. Our experience suggests a persistent 'chicken or the egg' scenario may arise for perennial, dedicated HEC systems. Owners will not site a biorefinery unless they can secure a reliable source of feedstock; yet producers will be unwilling to grow a crop until a refinery exists to purchase it.
Biorefiners will also need guaranteed feedstock volume over a multi-year time horizon, but signing long-term contracts will be a new paradigm for farming communities that traditionally make year-to-year production and marketing decisions. However, part of the reason for these 'in-hand' decisions may be the external factor of land tenure. A producer who does not own the production land and cannot secure a long-term lease for it will be constrained from making long-term contracts for supplying feedstock.
To sum up, it should be clear that several, interacting factors come to bear in logistic considerations, and these are not purely technological matters. Most research on bioenergy systems to date has focused on agronomics (what and how much can be grown) and on process technologies (what to do with the material -which we discuss below). However, neither of these concerns is of any merit if the billion tonnes of biomass to be collected cannot be readily moved to facilities for processing. Moreover, each link in the supply chain -what and how much is grown, how it is harvested, stored and transported and how it is processed -has important effects on the other and, for optimum system implementation, they should not be considered independently. New engineering solutions will be needed to meet some of the logistic challenges faced, but people issues -how communities and groups of farmers are organized and interact -also 2.5% production area 5% production area 10% production area 20% production area 40% production area Figure 3 The relationship between hauling cost and plant size for production areas having different percentages of total land area planted for feedstock production. Hauling cost includes truck cost but does not include load/unload cost. Load and unload time is included in the total truck cycle time. Assumed average yield is 9 mg/ha stand to play a large role in how bioenergy systems are developed and implemented.
Biomass Feedstock Pretreatment and Process Technologies: Considerations and Constraints
Once the hurdles of harvest and delivery are cleared, biomass feedstocks still must be converted to useful product(s). Although the technologies for pretreating and processing biomass are myriad, under continued development [138] and advancing, the promise of achieving cost-effective bioenergy supplies -and especially cellulosic-based fuels -still remains 'just around the corner'. Such 'promises' are a source of consternation, particularly for biofuel sceptics who decry the projections of ample cellulosic fuel production based on assumptions of asyet-to-be-determined technologies. While it is not our purpose to paint the process portion of the picture in great detail -in part because the subject is in such a state of flux -we offer a glimpse (painted with very broad brush strokes) of the current situation and present challenges for process technologies.
Thermochemical Conversion
Biomass can be converted by direct burning -a proven technology -to generate heat or electricity (e.g. [139, 140] ). One potential constraint on combustion technologies may be the amount of silica, chloride, and alkali elements in the feedstock [140] . These constituents can reduce conversion efficiency [141] and foul boilers and machinery [142] . This is unlikely to prove a high hurdle, however, as improved engineering solutions to such issues are likely with the development of bioenergy systems. In systems burning herbaceous biomass, perennial feedstocks may have an advantage over crop residues simply because they are less prone to the soil contamination that occurs with the harvest and collection as, e.g., with corn stover [140] . Because of the lower nutrient needs and nutrient cycling capacity of perennial grasses, such feedstocks are often lower in minerals than grain crops residues [143] . And, given that these feedstocks may be left standing in the field, post-senescence harvests may further leach mineral elements [108, 144] , although quality gains may be offset by yield reductions and possible loss through fire or lodging in the advent of severe weather.
In addition to direct combustion, biomass can be gasified and converted into gaseous or liquid energy forms. Several combustion technologies exist, but pyrolysis processes that heat feedstock and create char and syngas appear more common. The producer gas or syngas generated from this process can subsequently be converted to bio-oils or fuel gases [145] or to ethanol and other chemicals [146] . Energy densities of syngases are low compared with natural gas, and quality may be an issue for these systems depending on feedstock source. In addition, tars from syngas reactions may induce cell dormancy for enzymatic catalysts that convert the gas to other products (e.g. [146] ).
The conversion of biomass via pyrolysis and FischerTropsch processes represents alternative approaches to obtaining liquid fuels that may present some opportunities for future biofuel systems in the USA. However, while these processes may have advantages in terms of conversion ease, they have not been economically viable in the past [147] . Some believe pyrolitic processes can be more competitive for liquid fuel production than hydrolysis and fermentation to ethanol, but the latter process currently appears to hold greater sway in interest and investment.
Biodiesel in Brief
Because our focus primarily is on use of cellulosic feedstocks, we give only a brief discussion of issues surrounding biodiesel synthesis. As mentioned above, biodiesel can be synthesized from cellulosic biomass using thermochemical or pyrolytic processes, but biodiesel is more often being made by converting plant and animal lipids (or waste grease and oil) into hydrocarbons of chain lengths suitable for combustion in diesel engines. Most recent efforts have focused on synthesizing biodiesel from seed oils. Typically, triglyceride oils in seeds such as soybean or canola are allowed to react with methanol in the presence of a basic catalyst such as sodium methoxide to produce fatty acid methyl esters [148] . The large amount of glycerol by-product generated during methyl esterification (one mole of glycerol per two to three moles of methyl ester) has become a key concern for these systems. The glycerol typically has high levels of impurities, making it of low value [149] ; and the market for this by-product is currently saturated [150] . In essence, it becomes a waste product, disposal of which is problematic. Efforts to solve the problem may revolve around finding alternative methods of synthesizing biodiesel that do not produce glycerol (e.g. see [151] ), using the glycerol as a fuel (see [150] ), or developing value-added products from the glycerol by-product [150, 152] .
Pretreatment of Biomass for Fermentation-based Processes
For cell/enzyme-based biomass-to-ethanol systems, the first step is called 'pretreatment'. During feedstock pretreatment, the polysaccharides in biomass are liberated from lignin and the structure of crystalline cellulose is disrupted. This step is required because the physical and chemical properties of lignocellulosic feedstocks make it http://www.cababstractsplus.org/cabreviews particularly resistant to microbial degradation. This recalcitrance to deconstruction is considered the 'core problem and . . . limiting factor' (p. 85; [82] ) for creating an ethanol-based economy, and a major portion of current research efforts in cellulosic biofuels is within this realm. Numerous pretreatment processes have been developed, and several were recently reviewed by Mosier et al. [153] .
A large obstacle at this stage in the conversion process is that pretreatments are not universally applicable and currently must be 'tuned' to the distinctive nature of individual feedstocks [153] . Typical pretreatments are costly, and the pretreatment applied has implications both upstream and downstream [154] . Upstream, pretreatments can affect the degree of required biomass particle size reduction, and pretreatment can affect downstream processes by creating inhibitors to subsequent fermentation reactions and increasing waste streams (e.g. [146, 155, 156] ). Mosier et al. [153] concluded that improvements in pretreatment models will require '[g]reater fundamental understanding of the chemical and physical mechanisms that occur during pretreatment along with an improved understanding of the relationship between the chemical composition and physico-chemical structure of lignocellulose on the enzymatic digestibility of cellulose and hemicellulose' (p. 682).
Conversion of Pretreated Lignocellulose to Ethanol
In hydrolysis, or saccharification, the polysaccharides liberated by 'pretreatment' from cellulosic feedstocks are depolymerized into a mixture of simple sugars. Hydrolysis can be performed with acids or, more typically, with microbes or enzymes, which are preferred because they offer greater potential to achieve maximum theoretical sugar yields [154] . However, the enzymes' specificity for the mixture of substrates is low, while enzyme production costs are high; and greater knowledge of these enzyme systems and of the substrates themselves is required to improve lignocellulosic ethanol's cost-competitiveness.
After hydrolysis, the sugars liberated from biomass can be converted to ethanol or other products via fermentation. While fermentation processes for starches are considered acceptable in terms of yield, titres, and rates of production, this remains a high hurdle for conversion of sugars from lignocellulosic feedstocks [82] . Biocatalysts, or 'bugs', for these ferments currently are not sufficiently robust for the conditions of a putative biorefinery. (This and other concerns voiced below could be rendered inoperative even before this review is published, as we hear reports of biorefineries in commercial development and microbes capable of converting cellulose to ethanol. Whether those facilities will have solved the critical microbiological and industrial-engineering issues should become quickly apparent.) Limits to fermentation include inhibition products such as furfural and lignin, which are generated during pretreatment [82, [156] [157] [158] [159] , and ethanol and organic acids [160] , generated during fermentation itself. Additional yield constraints are related to microbial partitioning of energy to cell growth or production of other chemicals rather than to ethanol synthesis [82] .
In addition to these limitations, current economics dictate that, to be economically viable, both hexose (6-carbon) and pentose (5-carbon) sugars need to be fermented. However, few wild-type micro-organisms can ferment both types of sugars -and those that do produce low ethanol yields [153] . Thus, genetically modified strains may represent the best opportunity for advancement in fermentation (e.g. [161] ), but to date the titres achieved with modified starch degraders (>15 wt % ethanol) are much greater than those achieved with engineered, dual-sugar fermenters (5 to 6%; [82] ).
Although process technology may require that hydrolysis and fermentation steps be kept separate, combining the two in simultaneous saccharification and fermentation reactions is desirable in order to reduce production costs. Future-generation technologies will likely allow not only for pretreatment and co-fermentation (of both hexose and pentose sugars) in one reaction vessel, but also for enzymes needed for these digests to be produced 'endogenously', or internal to the system [160] . These consolidated bioprocessing systems will require much greater knowledge of microbe and enzyme function; and, while they offer great opportunity to lower the cost of ethanol production [160] , they are, for the moment, the technology of tomorrow or beyond.
Processes that generate only one saleable product, e.g. ethanol, 'display poor economics' [162] and are more prone to risk, particularly if the product is a commodity such as fuel. While liberating cellulose and hemicellulose is of interest for generating sugars for ethanol, process technologies that also allow for efficient extraction and utilization of lignin stand to have greater economic advantage [153] . Such technologies appear close on the horizon, as with the lignol process described by Arato et al. [162] .
While this may turn out to be another case of unfulfilled promise, critics of cellulosic biofuels should not be so quick to write off technological advances. For example, Moore's law -predicting a biennial doubling of transistors on a computer circuit and originally estimated over a 10-year time span in the 1960s -has proven remarkably robust over the past four decades. While we make no prediction of such rates of advance for biofuels, we do predict that, as a result of heightened awareness of energy issues, there will be greater focus on and investment in the research that will spur these advances.
We do not discuss distillation, the final step in producing fuel ethanol, as this is the most mature of all the technologies in the process. A potential concern at this stage of the process, however, is the quality of the refined products that must meet standards for use [163, 164] .
Ethanol with water or other contaminants or biodiesel containing free fatty acids from incomplete conversion of plant oils will not be acceptable for performance and safety requirements.
Industrial Scale Processes and Environmental Impacts
Biomass systems have been touted for their potential to alleviate pollution and reduce greenhouse gas emissions. However, potential negative environmental impacts must be addressed, especially at the process stage. Water consumption may be a constraint on the ethanol industry, which could require four units of water for each unit of ethanol produced [165] . This constraint will be greatest for biorefineries sited near urban centres, which may face greater competition for water use, and for regions of low precipitation, where supply is limited. Water limits have already prevented permitting of some corn-ethanol plants, and Keeney and Muller [165] give several recommendations of how to reduce water use for this industry, including increased oversight to help improve use efficiency, co-location with wastewater or livestock production facilities, and placing greater value on water as a resource.
Environmental impact will also be measured in the size and nature of the waste streams biorefineries generate. For example, ash residues may be an issue for facilities using combustion or thermochemical conversion technologies, although this is unlikely to be a constraint per se. Anex et al. [166] suggest that the integration of agricultural and bioenergy systems may allow closing of nutrient cycles and improvements in energy-use efficiency. For example, evidence from the pulping industry suggests that waste products may be a good source of nutrients for various cropping systems [167] . Ideally, the residues generated by burning herbaceous feedstocks could be returned to the field, maintaining nutrient cycles and helping limit nutrient input costs. However, to do so may require policy changes given that the regulations for handling ash and other waste products often mandate their disposal by land-filling, thus adding to production and environmental costs.
Economic, Policy and Social Challenges for Deploying Dedicated, Large-scale, Bioenergy Systems in the US
To this point, we have focused primarily on the tangible, 'nuts and bolts' challenges faced by a bio-based energy and chemicals industry. Many of these challenges are by nature internal to these systems. While such internal questions will certainly affect the industry's development, the set of broader, overarching issues -economic, policy and social -will likely be greater drivers in affecting the industry's nature and success. Indeed, public policy is viewed as 'the single most important strategy to moving toward a carbohydrate economy' (p. 2; [168] ). To that end, we round out our review with a discussion of these broader issues.
Costs of Bioenergy Production
The economic challenges to deploying bioenergy systems include costs of production relative to alternatives [169, 170] , overall economic viability and competitiveness with other energy sources, external costs and benefits of production, and the way in which costs and competitiveness change with the policy and regulatory environment [171, 172] . These challenges are all important for large-scale deployment -whatever the biomass resource -and largescale deployment exacerbates some of them.
Large-scale bioenergy production also brings into play additional challenges such as scale effects (how costs change with scale of operation), pecuniary effects (or how prices of factors of production change as scale of production increases), region-wide impacts on income and employment, and market-share effects. The degree to which each challenge affects economic viability of bioenergy depends on the nature of the system, existing and future technological possibilities, and feedstock availability. For example, large-scale electricity generation must integrate with existing transmission and distribution systems and could face financial and political challenges from established utilities [171] . Although many large-scale energy producers in the USA are supporting alternative energy production through investments in bioenergy, resistance to competition in energy markets will continue. For example, the US government's unwillingness to promulgate many policies supporting renewable energy has been, in part, fuelled by industry lobbying, and it is our view that it would be naïve to assume that such efforts to influence policy and access to markets will be curtailed in the near future.
Costs inherent to bioenergy systems include: feedstock production, transport and storage; conversion into fuel or electricity; and energy product transmission and distribution. The private cost, given existing prices and technology, of energy from dedicated energy crops currently exceeds market prices [170, 173, 174] . The question of cost, however, depends partially on whether the feedstock is jointly produced with other outputs. For example, wood-fired electricity generators demand woodchip inputs that are often waste products from other uses such as paper production or even Christmas trees. In such cases, the cost of production is determined by processing and transportation costs but offset by avoided landfill fees, effectively reducing the delivered price of the fuel inputs [175] .
As described in Figure 3 , transportation inputs assume a greater share of costs as the scale of the production facility increases, because greater distance to the refinery drives up transportation cost [176] . However, rail transport has some potential to weaken or at least dampen this response. Improved rail transportation has reduced the costs of transport of corn for ethanol and made the location of production facilities less dependent on localized feedstock production [172] . A refinery's distance to markets also affects prices at the pump. Swenson [177] reported that the cost of transporting the ethanol from a plant in Iowa to its final destination represented around 10% of the total cost.
The dynamics of feedstock cost and availability also vary by the feedstock input and its processing method. For corn-ethanol, feedstock costs are affected by alternative (food and non-food) uses of the input, competition with other land uses, and the policy environment (subsidies and incentives). For lignocellulosic crops that have few alternative uses, costs will depend primarily on other potential uses for the land and the policy environment.
Competitiveness with Existing and Alternative Crop/land Uses
Biofuels' competitiveness in energy markets depends on considerations such as feedstock prices and availability, access to markets for bioenergy outputs, access to markets for co-products, prices of competing energy, regulatory constraints and financial incentives. Cropping system trade-offs also exist within the broad category of biofuels. For example, current economies favour production of liquid biofuels derived from food crops, but their use for energy production has an immediate effect on the price of foods and animal feeds. As increasing percentages of available land are devoted to energy crop production, prices of foods and products that compete with these land uses will increase. For example, Johansson and Azar [26] modelled this competition and suggested that under their most likely scenario, food prices could double by 2050 through worldwide growth in demand for bioenergy.
Price pressure on food crops may be mitigated to some degree by use of residues to produce energy, while maintaining food crops for food uses. Gallagher et al. [135] suggested that in large, grain-growing regions of the USA, crop residues would be the least-cost biofuel, and their joint production with food crops would lower the overall cost of bioenergy production. Such use of residues would have large fuel displacement potential. Delivered costs in their analysis ranged from a low of $19-22/Mg in the Corn Belt, even when internalizing environmental costs, with slightly higher cost estimates observed in the Great Plains, where wheat straw was the predominant crop residue. Walsh et al. [13] , using a multisector model, found that between 9 and 17 million ha of bioenergy crops (switchgrass, hybrid poplar and willow), annually yielding from 55 to 171 million dry Mg of biomass, potentially could be produced at a profit greater than existing agricultural uses for the land. Their study also showed that dedicated biomass production would put upward price pressure (4-14%) on crops such as corn and soybeans as farmland switched from food to energy production [13] . Of course, farmgate prices for biomass crops will drive these pressures on grain commodities. Walsh et al. [13] estimated that at $1.83/GJ, about 8 million ha of bioenergy crops could provide greater profit than existing agricultural uses. With a 33% higher price at the farmgate ($2.44/GJ), this acreage would more than double to 17 million ha. It should also be noted that this estimate assumed offsetting factors of increased prices for traditional crops and the use of high production management on Conservation Reserve Program lands 1 . English et al. [169] studied the economics of biofuel systems relative to fossil fuels for the southeastern USA. Feedstock supply in response to price was highly variable, but large-scale expansion of bioenergy demands was predicted to propel a 4.6 million ha increase in agricultural acreage by 2010. Large increases in hay acreage (5.3 million ha) and switchgrass production (7.3 million ha) would come primarily at the expense of pasture acreage, while corn and soybean acreages would grow only slightly (0.4 and 0.6 million ha, respectively). Even with these increases in farmed acres, demand growth is predicted to stimulate strong increases in feedstock prices and in prices for commodities that compete for acreage; the price of biomass grows from $31 per dry tonne in 2005 to nearly $50 by 2014. While government payments are expected to decline (by $13 million over the 10-year horizon considered), farm income would grow by $23 million, with $6 million growth forecast for the southern region. Interestingly, farms in the Midwest were expected to benefit most from these changes.
A large unknown variable is the impact of large-scale biofuels production on land prices: no credible estimates currently exist, but increased prices of farm outputs are quickly capitalized into land prices (witness the increase in Iowa land prices during the grain boom in the late 1970s). If overall cropland acreages increase as biofeedstock production grows, then additional pressures of population growth and urbanization will further exacerbate effects on land prices. Already in Iowa there is anecdotal evidence that land prices near ethanol plants are increasing. Standard models of economic geography suggest that, as a production facility is sited in an area, land closest to the facility will increase in value (reflecting the lower cost of transport to the final demand point). Impacts on land prices decline nearly linearly (with the gradient determined by cost of transportation) with travel distance to the site. If shipping costs are borne by the purchaser of 1 Note that these lands are currently not in production and represent about 9% of available US cropland. Estimates are based on the National Resource Inventory (2002), which can be found at http://www.nrcs. usda.gov/Technical/land/nri02/nri02lu.html the biomass, this distance effect will not emerge; but generally producers pay these costs, and the value of proximity to markets is 'capitalized' into land values.
While such analyses help frame the competition between existing and alternative crops and other land uses, they are somewhat artificial because they are predicated on as-yet-unknown technological advances. Technology gains will be critical to reduce processing costs and to bolster the potential success of HEC-tobiofuel systems [38, 82] . It is not surprising then that the existing literature provides little guidance into costs of lignocellulosic biofuels. Most credible studies estimate capital costs for a 50 million-gallon per year (MGY) plant at about $200 million, which is three to four times the costs of a similar-sized grain ethanol plant [38] . In addition, the variable costs for lignocellulose-based ethanol are currently estimated as twice those of corn ethanol. But, as with most infant industries, there is ample room for cost reductions, and such reductions are likely. Large reductions in the cost of grain ethanol production occurred between 1980 and 1998 because of three factors: (1) higher yields of ethanol per unit of corn, (2) lower costs of enzymes required for conversion, and (3) reduced labour from increased production automation [178] .
Role of Co-products in Biofuel Economies
Biorefineries that can manufacture a number of products present an alternative means of reducing costs for fuel generation [162] . In such cases, the production of highvalue chemicals and chemical feedstocks may allow for smaller-scale refining facilities -reducing capital requirements and risks -and these products may have more value than the fuel co-product itself. For instance, the National Renewable Energy Laboratory is partnering with DuPont, other private-sector actors and academic partners to explore potential bio-based chemistries [179] .
The value of these co-or by-products will affect the economics of biofuel generation. The stronger the demand for these products, the lower the effective cost of fuel production will be. These co-products can be exploited by the producer of the feedstock or by the biorefinery or end-user. Use of wood wastes to generate electricity is an example of the former case, but many other cases can be found. Switchgrass can be used as a habitat for wildlife and co-enterprises such as agritourism and hunting can yield economic value. If US policies change to create a value for carbon sequestration, the value of this sequestration will lower the effective cost of producing the biofuel feedstock.
An interesting interaction currently exists in the competition of end-uses for grain and co-product effects on grain prices. This present-day, low-tech example involves corn, which is being diverted from animal feeds to produce ethanol. The increased demand for grain for ethanol concerns animal production industries reliant on cornbased diets because of the impact on feed costs [180] , but the ability to use ethanol co-products in animal diets can partially offset these price pressures. For example, distiller's dry grains with solubles (DDGS), the primary co-product from dry-mill ethanol plants, can make up as much as 25% of a dairy feed ration (DM basis) and may be suitable for swine and poultry production at 5-15% of the diet [178] , lowering dietary protein costs.
Region-wide Impacts of Biofuel Production
Parcell and Westhoff [181] summarized a number of studies examining regional impacts of ethanol production, including influence on total economic output, employment and personal income. The range of impact (dependent on plant size, industry location and location of feedstock supplies) varied widely ($24-282 million) in total economic output for the various plant sizes currently in operation. Employment would grow by 3-15 people per million gallons produced, and total labour income would grow by around $0.50 per gallon produced. However, region-wide estimates of ethanol plants tend to overstate their economic impacts (see [177] for an excellent overview). Swenson [177] estimated that a 50 MGY ethanol plant would lead to a $133 million increase in regional value-added production and $25 million increase in income, with about 133 more full-time jobs.
The general effects on all markets and prices of using a dedicated energy crop (switchgrass) to replace petroleum in the USA were examined by McDonald et al. [182] . Without considering social costs and benefits, switchgrass costs more per unit of energy produced than petroleum, and a large-scale switch to this biofuel was predicted to lower production of other crops while increasing prices of grains. The authors suggest that, on a net basis, there will be an economic cost associated with policies to use switchgrass for energy generation under existing technologies. Large-scale production of dedicated energy crops will lead to welfare gains and losses that are distributed unevenly on a global scale. In addition, costs must include changes in relative prices of substitutes and complements in production. However, one important limitation with this kind of analysis is that it does not factor in benefits of reducing pollution, the externalized costs of protecting petroleum supplies and the impacts of carbon emissions attendant with burning fossil fuels, which we now consider.
Externalized Costs in Energy Markets and Benefits of Biofuels
The debate about costs of bioenergy production should not occur without considering external costs associated with production practices. Principal externalities affected by fuel source include air pollution emissions, impacts on the carbon balance and production-related externalities such as runoff. In a liberalized economy, all actors (producers, consumers, investors, etc.) should face the full costs of their decisions. Energy markets fall well short of this ideal and are dominated by costs that are not reflected in decisions. Some of these costs come from subsidies and other policies (discussed further below), but some are related to the absence of complete property rights in all markets, transactions costs, incomplete enforcement, costs of monitoring, and even market or political power on the part of producers.
There will always be some uncertainties about the costs of environmental externalities owing to problems in measurement and the diffuse nature or incidence of these costs. For example, coal-fired electricity generators in the Ohio River Valley cause local effects due to NO x and other emissions, but also impact the Adirondack Mountains due to acid rain from SO 2 emissions. The latter effects are felt through decreased land values, decreased value of tourism in the sport fishing industry, and by other actors. Accurate measurement of such costs is difficult, however, and measuring costs associated with carbon loading in the atmosphere is, perhaps, even more challenging.
Estimated costs related to greenhouse gas generation among coal-fired power plants are presented below (Table 1) , and the cost of climate change from coalgenerated electricity has been conservatively estimated at e10-23 per MWh ($11-25 in 2003 dollars; [183] ). Biofuels may help mitigate greenhouse gas emissions by reducing total fossil fuels use (see [184] , for more discussion of offset possibilities), but the degree of reductions ushered in with biofuels use is unclear [38] . This will be dependent on the biofuel crop (e.g. [72] ), the management practices used (e.g. [185] ), and perhaps the nature (scale and distribution) of the industry. As noted in the section 'Biomass production potential and feed stocks', corn-based ethanol has only a minor impact on carbon emissions, mainly because of fertilization and the energy used during production and transport. In contrast, net carbon emissions from a poplar-fed power plant were calculated to be approximately 5% of the emissions from extraction and combustion of an energy-equivalent amount of coal [186] .
Energy Policy and Subsidies
Policies that support intervention in energy markets are common. For example, OECD countries spent between $20 and 30 billion on direct subsidies to energy in 2002 [188, 189] . These subsidies lower the price of energy to the consumer, encourage consumption and discourage investments in renewable energy [171, 190] . IEA [190] estimated that energy consumption in the late 1990s was 13% greater than it would have been in the absence of direct subsidies.
Implicit subsidies also occur in energy markets and are not limited to inadequate internalization of environmental costs. For example, the external health costs associated with large-scale coal electricity generation have also been documented. Roth and Ambs [191] estimated these costs at $24.16 per MWh, while the European Commission estimated them at between e8.7 and 25 per MWh ($9.5-28 per MWh in 2003 dollars; [192] ).
Additional implicit subsidies include high levels of government support for development of the nuclear industry, legislation limiting liabilities from nuclear disasters, and military costs associated with protecting existing supplies of fuel stocks [171] . While there is no comprehensive study of these costs -and any would be based on speculative assumptions -even a conservative estimate that 10% of the current Iraq war's cost can be attributed to US desires to maintain supplies of fossil fuels, the implicit subsidy would approach $100 billion.
Another form of implicit subsidy arises from the failure to diversify energy sources. Gruebler et al. [193] showed that, in the face of uncertainties about energy sources and potential regulatory moves, e.g. moves to stringently reduce CO 2 emissions, it is socially rational to diversify Processing costs by region technology options. Specific costs of such failures are not available, but they are likely to be significant.
Impacts of Tax Policies, Subsidies and Dispatchability on Biofuel Development
A continuing theme of research in the bioenergy arena is the uncertainty of the competitiveness of large-scale concerns in the absence of government subsidies. Crooks and Dunn [194] examined the outlook in the biofuels industry for the southern region of the USA under changes in several federal tax credit provisions. They noted that recent expansion in ethanol production in the region is directly related to these tax provisions. Other studies of feedstock production costs note that on an energy-equivalent basis, biofuels are rarely competitive with existing energy sources (noted above). However, existing markets can hardly be considered competitive and, as a result, an emerging biofuels industry must overcome barriers associated with government support for the current energy industry, such as subsidies and regulatory hurdles. Current US tax policy, formalized in the Energy Policy Act of 2005, provides a federal ethanol subsidy of $0.51 per gallon, with an additional subsidy of $0.10 per gallon for plants producing less than 15 million gallons per year [181] . Other federal subsidies support the ethanol industry, including barriers to import of foreign-produced biofuels, and support for research and investments (e.g. the Energy Policy Act of 2005 created a renewable energy research budget of $632, 743 and 852 million for fiscal years 2007, 2008 and 2009, respectively). State-level incentives, including excise tax exemptions, are common in several states, particularly in the US Corn Belt. With subsidies and incentives, the gross profit margin for producers is approximately $0.27 per gallon, while federal and state subsidies amount to nearly $0.60 per gallon [181] . As production scales up, in the absence of cost reduction elsewhere, subsidy outlays will make up a rising share of the returns to ethanol processors.
As policies for carbon emission mitigation (or other environmental impacts) become more common, biofuels -especially those with positive impact on the atmospheric carbon balance -will become more competitive with fossil fuels. (Indeed, current US bioenergy efforts reflect piecemeal subsidies driven by lobbying efforts rather than an overarching search for the lowest possible carbon credit per tonne of CO 2 avoided.) Estimates of the relationship between carbon prices and the cost-competitiveness of biofuels vary widely, and range from around $20 per tonne of CO 2 [133, 195] to more than $50 per tonne [187] . While there is some uncertainty about the exact carbon price where biofuels become competitive, there is no question that environmental policies geared to reduce carbon emissions will make biofuels more economically competitive with conventional energy sources.
Such policies act as an implicit subsidy or tax, depending on their nature. Pressures for bioenergy-friendly environmental policy are already rising at the federal level in the USA, and more than 20 states have adopted renewable fuel standards [169] . Renewable portfolio standards enhance the competitiveness of biomass electricity generation relative to non-renewable energy generation and will stimulate growth in dedicated energy crop systems. English et al. [169] estimated that as much as 40% of biomass feedstocks will be from dedicated crops, with much of this production coming from the southern region. Total biomass use for electricity generation will grow to between 4.5 and 26.1 million dry tonnes, depending on the co-fire scenario, with strong regional effects emerging.
An important consideration for large-scale investments in electricity generation with biomass is dispatchability. Unlike wind, solar, photovoltaic cells and other renewable energy sources, biomass generation is not subject to random availability. Thus risk is lowered and capital recovery is more easily planned [171, 196] . The value of other, non-dispatchable renewals, such as solar and wind (these are intermittent supplies of energy) in electricity generation is lowered by as much as 10% as a result of their being intermittent [197] . This factor increases the desirability of biomass relative to other renewable forms of electricity generation, particularly at the utility scale and will reinforce relative cost advantages of biofuels resulting from renewable portfolio policies.
Pecuniary effects associated with rising feedstock prices were mentioned above, but these effects will also trigger declines in US government payments to farmers. For example, FAPRI [198] estimates that total cash receipts by corn farmers will grow by $74 million for every 100 million-gallon ethanol plant; these increases will lower farm payments by as much as $49 million per year and increase food costs for farmers by $14 million, leading to an estimated increase in net farm income of $12 million.
Market-based Barriers to Biofuel Expansion
Most infant industries have to overcome technological and market-based barriers to their expansion. Energy markets, whether electricity or liquid fuels, are dominated by vertically integrated, high sunk capital firms that can present barriers to new entrants. New competition will reduce the value of the existing assets of such firms [199] , and existing advantages such as protection from external costs make such firms politically and economically powerful. Vertically integrated energy firms also control access to transmission and distribution networks and new entrants are likely to face large initial costs to attain access into such markets [171] . Regulatory conditions and expenditures required to overcome them can represent an important cost for an infant industry. When renewable energy has low shares of the overall market, regulatory provisions can dominate firm-level considerations such as the costs of inputs, variable costs of energy production and other determinants of economic viability [200] . Thus, alternative energy sources, even when economically viable, face formidable barriers to increased scale of production.
Other non-market barriers, such as local concerns (that is, local objectives and regulatory obstacles for siting a facility), the possibility for technology lock-out (due to adaptive learning processes which inherently punish lateentrants into high-capital stock markets), non-convexities in costs (i.e. average costs of production decline as the scale of production grows), etc. have been analyzed by several authors (see [171] for a summary). These considerations all suggest that new technologies for energy generation face substantial obstacles to large-scale deployment. Economists who have examined such conditions suggest that there is an important role for government in helping firms overcome these barriers and supporting the technology learning process.
Many of these barriers represent obstacles to entry of any firm into bioenergy markets: they increase the fixed costs of beginning production (such as costs of siting a processing plant, regulatory processes such as permitting requirements, etc.). Others represent economic constraints to small firm sizes (particularly the presence of scale economies whereby a fixed investment may be spread over more and more units, thus lowering the cost of each additional unit of output). These factors mean that those firms that do enter are likely to be rather capitalintensive and large; small-scale producers may not be able to overcome such barriers. On the other hand, the size of feedstock supply capacity represents a barrier to overly large production facilities: the larger the facility, the more feedstock is needed, which implies more area in production at an ever-increasing transport distance from the facility. These factors (pressures towards bigness and pressures constraining growth) will eventually balance out to determine the optimal size firm. This size will depend on local conditions affecting feedstock production costs; costs of transport; local, state and federal regulatory conditions; tastes and preferences for local residents; the technology of production, among other things.
Social Issues and Constraints in a Local Context
Bioenergy systems scale may be driven by the market, but it will likely also be determined by social constraints. The degree to which these systems are viewed favourably will depend in part on the success of companies and government officials to maintain the public's confidence in the enterprise. For example, Upham and Shackley [201] reported strong public opinion against a proposed biomass gasification facility that would utilize at least 50% of its feedstock as miscanthus. Reasons for local oppositionwhich likely could be extrapolated to many rural communities in North America -included: no accountability and conflicts of interest of the government officials supporting the project poor siting, given the remote location of the facility and the nature of the road infrastructure destruction of the community's rural character environmental impacts, including visible (aesthetic), as well as air and water pollution NIMBY ('Not in my back yard') sentiments; although renewable energy had moderate support, the location within the community was considered not desirable Doubt that enough miscanthus could be produced locally and that increased reliance on municipal waste feedstocks would make the facility a de facto waste management plant
Whether or not such sentiments are well founded, they can drive the debate within a community and will in part determine the saleability and implementation of the enterprise.
Some Larger Societal Considerations
Although the purpose of this review has been to address issues regarding the nature, function and implementation of bioenergy systems, we would be negligent if we did not pose questions regarding their suitability and desirability. The same drivers for bioenergy systems -reduced greenhouse gas emissions, energy security, benefits to low-income farmers in local or global communities -can (and should!) limit their implementation if these strategies are not successful.
Despite efforts to create sustainability standards for bioenergy (e.g. see [202] ), existing economic and social policies may drive these systems forward regardless of whether they are truly sustainable at energetic, environmental or other levels. And, because these systems are developing in a global context, their potential environmental, economic and social impacts are much greater. For example, palm oil imports from Southeast Asia were initially viewed by Dutch society as a sustainable, 'green' energy source and a way to support developing economies. However, subsequent review has shown that production practices attendant to the industry may do more environmental damage than good [203] . Clearly, the Dutch got something less 'green' than they bargained for.
Societies must continue to count the costs associated with these endeavours. While biofuels and bioproducts may be a necessity for a world facing limited energy supplies and severe consequences of fossil energy use, hard questions must be asked about the price we are willing to pay for this energy fix. What are the impacts and benefits to society? What are the consequences of adaptation -or of not adapting? Is, for example, the elimination of orang-utan habit (e.g. see [204] ) or the loss of Brazil's Cerrado region a fair trade for the production of energy and transportation fuels? These questions may seem new, but they are so only in the context of asking Nature to meet humanity's additional demands for fuelbeyond the current challenge of meeting food and fibre needs. At some point, humanity must address the deeper question: To what degree should global resources be exploited for human well-being?
Conclusions
Human societies face a number of critical issues related to energy. Whether or not maximum output of petroleum is occurring now or will take a few decades is a moot point. In the face of growing demand and a finite supply, alternatives are clearly needed. However, it remains to be determined if the power in biofuels can be harnessed to meet a significant portion of this need. Numerous practical questions about these systems -from feedstocks to logistics to pretreatment/process technologies -must be addressed before biomass resources can realistically be considered a viable route for supplying energy on a large scale. And, because the components of theses systems interact, they should not be designed and developed independently of each other. The policy environment is rapidly changing. Renewable portfolio standards and carbon restrictions are relatively new changes based on environmental benefits that may support biofuel production systems, but the potential environmental impacts are also of concern. Regulatory conditions that offer advantages to existing energy industries also could stem bioenergy's growth. However, changing consumer preferences for renewable energy could also temper this regulatory and policy environment. Larger, overarching issues should also play a role in the development of a global bioenergy industry as humanity struggles to reconcile its growing demands for energy with the Earth's finite resources.
